The aim of the present in vitro study was to evaluate the temperature variation inside the pulp chamber during light-activation of the adhesive and resin composite layers with different light sources. Cavities measuring 8x10 mm were prepared on the buccal surface of bovine incisors, leaving a remaining dentin thickness of 1 mm. Specimens were placed in a 37±1 °C water bath to standardize the temperature. The temperature in the pulp chamber was measured every 10 s during 40 s of light activation of the adhesive system (SBMP-3M/ESPE) and in the three consecutive 1-mm-thick layers of resin composite (Z250-3M/ESPE). Three light source devices were evaluated: Elipar 2500 (QTH), LD Max (LED low irradiance) and VALO (LED high irradiance). The results were submitted to oneway ANOVA with repeated measures and Tukey's test, both with p<0.001. The exothermic reaction warming was observed in the Z250 increments, but not in the SBMP. The high irradiance LED showed a higher temperature average (42.7±1.56 °C), followed by the quartz-tungsten-halogen light (40.6±0.67 °C) and the lower irradiance LED (37.8±0.12 °C). Higher temperature increases were observed with the adhesive and the first resin composite increment light-activation, regardless of the employed light source. From the second increment of Z250, the restorative material acted as a dispersive structure of heat, reducing temperature increases. Regardless the light source and restorative step, the temperature increased with the irradiation time. It may be concluded that the light source, irradiation time and resin composite thickness interfered in the temperature variation inside the pulp chamber.
Introduction
Resin composites are one of the aesthetic materials that most evolved in the last century and currently highlighted in dentistry for esthetic restorations. One of these developments was the replacement of benzoyl peroxide for camphorquinone (a light sensitive molecule), which allows the chain reaction polymer network formation to be initiated by light.
Nowadays, the most traditional devices in the market are based on quartz-tungsten-halogen (QTH) lamps and light emitting diodes (LED) and can be commercially found with different irradiances varying from 200 mW/cm 2 to 3200 mW/cm 2 (1) . With the development of light sources and increase in irradiances, the warming in the pulp chamber started to be understood. These temperature increases may occur due to the exothermic reaction of the resin composite during polymerization or due to the energy emitted by the light source, which is absorbed by the restorative material during the light-activation (2) . Thus, it is important to control the light-activation time with regards to the irradiance of the light source to allow the temperature increase inside the pulp chamber to remain within a safe range (3) .
The classic studies of Lisanti and Zander (4) and Zach and Cohen (5) showed the concern with the internal temperature of the pulp chamber during dental procedures, which may lead to deleterious changes to the pulp tissue. Even today, despite the different results found in the past (6) , the temperature increase during dental procedures still needs to be evaluated, especially when new high-irradiance LED-based devices are considered. All new techniques, materials and equipment should be evaluated for their safety and effectiveness. Since the temperature increase may be related to the light source irradiance, exposure time and thickness of the resin composite (7) , it becomes important to evaluate the change in the internal temperature of the pulp chamber when activating the adhesive system and increments of resin composite with different light sources. Thus, the aim of the present in vitro study was to evaluate the change in the internal temperature of the pulp chamber in bovine teeth due to light activation with different light sources in the adhesive layer and increments of resin composite. The following null hypotheses were evaluated: 1) no change will occur in the internal temperature of the pulp chamber due to the adhesive system and resin composite exothermic reaction of polymerization during light-activation with a QTH light source; 2) the different restorative steps while filling the cavity (adhesive system, first, second and third increments of resin composite) will not interfere in the temperature of the pulp chamber during the light-activation; 3) no change will occur in the internal temperature of the pulp chamber due to the irradiation with different light sources (LED low, LED high and QTH light); and 4) no change will occur in temperature regarding the light-activation time (10, 20 , 30, and 40 s).
Materials and Methods

Study Design
The present study evaluated different light sources (one factor in three levels). The change in the internal temperature of the pulp chamber in bovine teeth due to light activation was repeatedly measured in four periods (time in four levels) during the application of different increments of material (four levels: adhesive [ 
Specimen Preparation
Ten bovine incisors with no fractures were selected and stored in a 0.1% thymol solution, until use. After cleaning, the teeth were sectioned at the root portion approximately 3 mm above the cementum/enamel junction with a #3081 diamond bur (KG Sorensen, Barueri, SP, Brazil) in high speed under water irrigation. The root canal was enlarged with the same diamond bur. After sectioning, the pulp chamber and the remaining root of the teeth were cleaned by irrigation with saline. A palatal opening at the crown was made with #1014HL and #3081 diamond burs (KG Sorensen), to enable the insertion of a gauge (Golgran, São Caetano do Sul, SP, Brazil) for measuring the remaining wall thickness of the axial dentin wall. Rectangular 10x8 mm cavities in the buccal face were prepared with a #1095 diamond bur and flatted with a #1035 diamond bur. During flattening, the remaining thickness of the axial dentin wall was controlled with a gauge inserted into the openings of the buccal and palatal cavities. The remaining dentin of the axial cavity wall was standardized at 1.0 mm.
After using the gauge, the palatal opening was restored with resin composite. The restoration was made with 37% phosphoric acid (Condicionador Dental Gel; Dentsply Caulk, Petrópolis, RJ, Brazil), adhesive system (SBMP, Adper Scotchbond Multi-Purpose Adhesive; 3M/ESPE St. Paul, MN, USA) and resin composite (Filtek Z250; 3M/ESPE, St. Paul, MN, USA), following manufacturer's instructions. The resin composite was inserted in a single step, sealing the cavity without invading the pulp chamber. The adhesive system and the resin composite light-activation occurred with a QTH light source for 40 s (Elipar 2500).
Light Sources
Before starting the light-activation, were checked the irradiances of the light sources. The power (in W or J/s) of each device was measured by placing and stabilizing the tip of the light source in close contact with a digital flatresponse power-meter (New Port -model 2936-R; Irvine, CA, USA). The spectral distributions of the lights were assessed by placing and stabilizing the tip on the light sensor of a spectrometer (Avantes, Apeldoorn, The Netherlands) connected to a computer running the Software Ava Soft 8.2.1. The diameter of the curing tip was checked with a digital caliper (Mitutoyo Absolute Digimatic, Kawasaki, Japan). The irradiances (in mW/cm 2 ) were obtained by dividing the power (in mW) by the area of the curing tip. Graphs of irradiance and spectral distribution were plotted with Origin Pro 8.5. The irradiances were than calculated by dividing the measured power by the area of the curing tip. The obtained values were: Low LED 396.7 mW/cm 2 , QTH Light 699.9 mW/cm 2 , and LED VALO 1527.9 mW/cm 2 . The spectral irradiance for Low LED, QTH and High LED is in Figure 1 .
Restoration of the 8x10 mm Buccal Cavities
The SBMP adhesive was applied after etching the teeth with 37% phosphoric acid and three 1-mm-thick increments of Filtek Z250 were inserted. The thickness of these increments was measured and standardized with a millimeter probe (Golgran, São Caetano do Sul, SP, Brazil) in three points of the restoration: at the cavity cervical region, at the center and at the incisal region. 
Light curing and intra pulp chamber heating
Temperature Measurement
The variation of pulp chamber temperature was measured with a K-type thermocouple sensor connected to a CPM-45 thermometer (Contemp, São Caetano do Sul, SP, Brazil). The thermocouple was inserted into the pulp chamber and placed in the center of the cavity in contact with the inner axial dentin wall (8) (9) (10) . The sensor position was confirmed by the transparency of the axial dentin wall. A thermal paste (Implastec Eletrochemistry, Votorantim, SP, Brazil) was applied inside the pulp chamber. A thermal bath (BioPDI, São Carlos, SP, Brazil) with water at constant temperature at 37±1°C was used to maintain the temperature of the samples during the experiments. For this purpose the root portion of each tooth was attached to the water bath with a clamp to stabilize and maintain the specimen's root portion immersed in water.
The temperature was measured four times during the light-activation: at 10 s, 20 s, 30 s and 40 s. At the end of the 40-s light activation, the internal temperature of the pulp chamber stabilized at 37±1°C again to start the light-activation with the next light source. The first light-activation was carried out with a QTH light (Elipar 2500), in continuous mode for 40 s with 699.9 mW/cm 2 irradiance. The tip of the device was as close as possible to the axial dentin wall. This first photoactivation with the QTH curing unit (QTH 1) aimed only to standardize the initial polymerization of the resin composite increments. The second light-activation was performed on the same specimen with the Low LED (LD Max) in continuous mode for 40 s with 396.7 mW/cm 2 irradiance. The third polymerization was carried out on the same specimen also with a LED device (VALO LED) in continuous mode for 40 s with 1527.9 mW/ cm 2 irradiance. The fourth polymerization was carried out on the same specimen with QTH light (Elipar 2500), used before, and now called (QTH 2), to standardize the initial polymerization of the composite and in continuous mode for 40 s with 699.9 mW/cm 2 irradiance.
After the consecutive use of all light sources for curing the adhesive, the first 1-mm increment was inserted, accommodated and light-activated in the same way cited above until the three increments of resin composite were completed and their corresponding temperature variations were recorded.
The heating related to the exothermic reaction of the adhesive system and of the three increments of resin composite was obtained by comparing the mean temperature values of the first light curing by the QTH light source on the uncured resinous material (QTH 1) and again on the already polymerized resin composite (QTH 2), after the use of the other light sources. The results were submitted to a normality test (Shapiro-Wilk's) and Equal Variance Test. Data were then analyzed with one-way ANOVA with repeated measures. The post-hoc comparison was conducted with Tukey's test. A standard level of significance of was set at 5%.
The heating due to light activation was obtained by comparing the mean temperature values in 40 s of light curing with the three light sources (Low LED, VALO and QTH 2) and the four increments of material (AD, 1RC, 2RC, 3RC). The results were submitted to a normality test (Shapiro-Wilk's) and Equal Variance Test. Data were than analyzed with one-way ANOVA with repeated measures. The post-hoc comparison was conducted with Tukey's test. A standard level of significance of was set at 5%.
Results
Among the three light sources, the largest temperature increase occurred during the curing of the adhesive system, followed by the first increment of resin composite (p<0.001). Regardless of the evaluated increment, the high power LED provided greater increase in temperature compared to QTH light and the low power LED (which showed less temperature variation in all restorative steps). While resin composite increments were added the intra pulp chamber warming decreased (from the adhesive to the first to the second and third increments). This difference was statistically significant for all light sources until the second increment of resin composite.
The mean values and standard deviations of heating from the first light-activation with QTH light device on uncured resin composite (QTH 1) and on the already lightactivated composite (QTH 2) are shown in Table 1 . Statistical differences were significant only after the first increment of composite resin (p<0.001).
The mean values and standard deviations of temperature for the three light sources used according to the four restorative steps (in the 40 s of light curing) are shown in Table 2 . VALO promoted the greatest increase in temperature compared to the other light sources in all the tested restorative steps. The heating caused by the three light sources was statistically different for all and the low power LED showed the lowest temperature increase. The average temperature in each restorative step and time factors for the three light sources are in Figure 2 . The power of the statistical tests was calculated of in all cases and indicated a 100% value.
Discussion
Curing resin-based restorative materials can increase the temperature and may cause damage to the dental pulp. This increase in temperature can be related to the used light source, the characteristics of the tooth substrate and the resin composite exothermic polymerization reaction (2) . QTH lights are still used and LEDs are becoming the most used equipment in clinical practice. The increased irradiances of the newest light sources to reduce the irradiation time and increase the depth of curing (11) cause concerns regarding the heating of the inner pulp chamber. For this reason, different devices were chosen for the present study.
For the sake of better defining the irradiance ranges of light curing unit, in the present study, the irradiances and wavelength spectral distributions were evaluated with a power-meter and a spectrometer, respectively. This was conducted to ensure a more precise characterization of the devices. Irradiances were slightly different from those previously obtained with a regular radiometer. These differences are explained by the differences among tip diameters of the light curing units. It should be noted that although there were differences between measurements with the power-meter and the radiometer, the irradiances remained in the same order of range.
The evaluated adhesive system, maybe due to the thickness of the formed film (hybrid layer), showed no significant increase in average temperature related to the exothermic reaction. The average temperature of the three resin composite increments showed significant differences between the mean temperatures observed in both light sources (QTH 1 and QTH 2), causing an increase from the resin composite exothermic reaction of polymerization (Table 1 ) (12). Curing the adhesive system, independent of the light source, caused the highest level of warming, followed by the first increment of resin composite. VALO showed the greatest increase in temperature, reaching the maximum temperature of 49.7 °C. These results possibly occurred because of the proximity of adhesive to the pulp chamber, as well as its thickness and reduced opacity, compared to the increments of resin composite. Higher temperature values during the adhesive curing were also found in the literature (9, 13) .
Three consecutive increments of resin composite were used and standardized, respecting the ideal thickness values of 1 mm each (14) . Heating was greater when the composite was thinner (first increment) ( Table 2 , Fig.  2 ), confirming the results of previous studies (3, 15, 16) . However, these results disagree with another study (9) . These materials may have behaved as dispersive structure of the heat, hindering or preventing the produced heat (reaction+light) to reach the pulp chamber more efficiently. Thus, the null hypothesis regarding the restorative steps not interfering in the pulp chamber temperature during the filling of the cavity (adhesive system, 1RC, 2RC and 3RC) was rejected, since there was a variation of intra pulp chamber temperature during the light-activation of the restorative steps for all tested light sources.
Regardless of the restorative step, light-curing with VALO and in some situations with QTH light (Elipar 2500), the heating exceeded 5.5 °C, considered critical to the pulp (5). In Yazici et al. (16) , the 400 mW/cm 2 LED showed a lower Different lowercase letters in the same column indicate statistically significant differences p<0.001 (light source factor). Capital letters in the same line indicate statistically significant differences p<0.001 (restorative steps). temperature increase, probably due to its lower irradiance, similar to the results of the present study with the same LED irradiance. Choi et al. (3) comparing the irradiances of the light sources with an increase in temperature, observed that the use of a higher irradiance LED resulted in higher heating, confirming the results described herein. The temperature increase was influenced by the light source, and the LED with high irradiance caused higher heating compared to QTH light and low LED, confirming the results obtained in other study (3) . This may be due to the fact that the LED emits more specific wavelengths, closer to the absorption spectrum camphorquinone (17) , often having a polymerization performance equal to or better than the QTH light (18) . However, other authors comparing temperature changes with different photo-activation methods concluded that the QTH light source produced higher temperatures when compared to LED and Plasma Arc light sources (19) . Therefore, the null hypothesis that there are no temperature variations related to the different light sources (low irradiance LED, high irradiance LED and QTH light) was rejected, since there was an increase of intra pulp chamber temperature for all tested light sources.
The effect of light curing time for the adhesive restorative materials has been studied (20) . The curing time is controversial and there is generally an indication of 20 s by the manufacturer and 40 to 60 s by some authors, but the first 10 s is key for the absorption of photons by the initiator (21) . Thus, regardless of the irradiance of the light sources, standardization (40 s) occurred by the irradiation time and not by the radiated energy (J). Therefore, the null hypothesis that there is no temperature variation in function of polymerization time was also rejected because, regardless of the light source used, an intra pulp chamber progressive temperature was observed (Table 2, Fig. 2 ). These results indicate that the evaluated light sources, with the exception of the low irradiance LED, caused heating in the intra pulp chamber above the critical limit advised in the literature, requiring further studies for their use in clinical applications.
In the present study, only 10 teeth were used to decrease the bias related to dental anatomical variations and to allow a repeated measures design. Since the idea was to address the temperature variation caused by different light sources without considering variations in the remaining dentin thickness, size and volume of the restorative material, this design has proven to be an effective method of evaluating the already cured material. The standardization of 1 mm dentin thickness was done to simulate a critical situation in which the restoration is placed close to the dental pulp (16) . The method employed in the present study was used in previous studies (22, 23) and the thermocouples inserted into the pulp chamber of bovine incisors provided reliable and accurate results when compared to human teeth (24). The effect of light on the cured and uncured composite is an important factor because after the polymerization, the material does not conduct the light in the same way as in its uncured form. However, it is well known that during the reaction of resin-based materials, the maximum reaction rate occurs in an early stage (a few seconds) after light activation (25). The maximum reaction rate is the moment in which the reaction kinetics of resin-based materials starts an auto-deceleration and there is an increase of the system's viscosity and decrease of chain flexibility. The decreased chain flexibility and consequent decreased molecular mobility probably decreases the heat transfer . Since the aim was to evaluate the difference between light sources to avoid the influence of heating caused by the exothermic reaction that occurs before the maximum reaction rate, the initial polymerization of all increments was done with the same QTH 1 light source to standardize the specimens in such a way that the final temperature measured was mainly related to the source and not the reaction itself. Thus, in the present study the heating related to the exothermic reaction was considered as the difference between QTH 1 and QTH 2.
In conclusion, the exothermic reaction of the resin composite provided a temperature increase to the resin composite increments, but not to the adhesive system. The high power LED provided the greatest increase in temperature compared to other light sources in all the restorative steps tested. The polymerization of the adhesive system followed by the first increment of resin composite determined the largest temperature increases, regardless of the light source used. Regardless of the light source and restorative step, the increase in the polymerization time was essential to temperature increase.
Resumo
O objetivo do presente estudo in vitro foi avaliar a variação de temperatura dentro da câmara pulpar durante a fotoativação de um sistema adesivo e de camadas de resina composta com diferentes fontes de luz. Cavidades com dimensões de 8x10 mm foram preparadas na superfície vestibular de incisivos bovinos deixando uma espessura de dentina remanescente de 1 mm. Os espécimes foram inseridos em uma cuba térmica com água à temperatura de 37±1 °C. A temperatura no interior da câmara foi medida a cada 10 s durante 40 s de ativação de luz do sistema adesivo (SBMP; 3M/ESPE) e três camadas de 1 mm de espessura consecutivas de resina composta (Z250; 3M/ESPE ). Três fonte de luz foram avaliadas: Elipar 2500 (QTH), LD Max (LED de baixa densidade de potência), VALO (LED alta densidade de potência). Os resultados foram submetidos a ANOVA de medidas repetidas a um critério e teste de Tukey (ambos com p<0,01). O aquecimento da reação exotérmica foi observado nos incrementos de resina composta, mas não no sistema adesivo. O LED de alta densidade de potência mostrou uma média de temperatura mais elevada (42,7±1,56 °C) seguido pela luz halogéna (40,6±0,67 °C) e o LED de menor densidade de potência (37,8±0,12 °C). Maiores aumentos de temperatura foram observados na fotoativação do sistema adesivo e do primeiro incremento de resina composta, independente da fonte de luz utilizada. A partir do segundo incremento de resina composta, o material restaurador agiu
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como estrutura dispersiva de calor, reduzindo o aumento de temperatura. Independente da fonte de luz e da etapa restauradora, a temperatura aumentou com o tempo de irradiação. Pode-se concluir que a fonte de luz, o tempo de irradiação, a espessura resina composta interferiram na variação de temperatura no interior da câmara pulpar.
